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ABSTRACT
During the Stratosphere–Troposphere Analyses of Regional Transport 2008 Ex-
periment (START08) the NCAR/NSF Gulfstream V aircraft encountered high con-
centrations of NO and NOy in the upper troposphere downwind of a squall line
in north Texas, suggesting either convective transport of polluted boundary layer
air to the upper troposphere or lightning induced production of nitrogen oxides in
the convection. These hypotheses are tested by computing three-dimensional back-
trajectories using winds from a high-resolution simulation of the event with the
Weather Research and Forecasting (WRF) Model. The WRF model simulation re-
produces the storm structure and evolution with good fidelity. The back trajectories
reveal two distinct layers of outflow air from different mesoscale convective systems
(MCSs). Most air in the upper layer is transported northward from an MCS in south
Texas, while the lower layer is from both the squall line and the southern MCS. The
predicted concentrations of CO and NOy using a simple chemical model show that
the back trajectories capture the vertical profile of CO in the lower layer and of NOy
at the bottom and top of the lower layer. The enhanced NOy could be explained
by lightning during the time the outflow air was ascending in the convective up-
drafts using data from the National Lightning Detection Network (NLDN). In the
upper layer, the large discrepancy of NOy between observation and model seems to
be caused by the lack of lightning source and a notable underestimate of the vertical
transport to the very top of the troposphere by the MCS.
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1. INTRODUCTION
Each year around 100,000 thunderstorms take place in the United States (U.S.)
(Jaegle´, 2007). Convective transport by thunderstorms has long been known to
have an important influence on the chemical composition of the upper troposphere
(UT) (e.g., Dickerson et al., 1987; Pickering et al., 1990; Poulida et al., 1996; Ri-
dley et al., 2004a; Bertram et al., 2007). In a convective system, the characteristic
vertical velocity of updraft cores can be more than 15 m s−1 (Dye et al., 2000),
which gives a vertical transport time through the depth of the troposphere of less
than an hour (Bertram et al., 2007). Compared with the BL, reaction rates, except
photolysis, are usually reduced in the rather cold and dry UT. The result is that,
once lofted to the UT, many trace gases have chemical lifetimes that are longer than
the convective transport time. Also, while the typical size of a convective system is
of the order of 100 km, trace gases in the UT can be carried by upper-level winds
around globe and can stay near the UT for more than a week (Stenchikov et al., 1996;
Ridley et al., 2004a). Deep convection impacts the global climate in two principal
ways. First, ozone (O3) and aerosols are produced by chemical reactions of trace
gases in the UT. Second, water vapor (H2O) is transported from the moist lower
troposphere (LT) to the UT, where it is the major greenhouse gas (Lacis et al., 1990;
Jaegle´, 2007).
Tropospheric chemistry plays an important role in both the production and de-
struction of tropospheric ozone (Liu et al., 1980). Ozone precursors, particularly
NOx (NO + NO2), hydrocarbons, and carbon monoxide (CO), are responsible for
producing O3 through a series of photochemical reactions (Bradshaw et al., 2000).
For example, NOx acts as a catalyst in producing O3 during the oxidation of CO to
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carbon dioxide (CO2). The lifetime of NOx extends from about 1 to 2 days in the BL
to 2 weeks in the UT, but it is still much shorter than CO, which has a lifetime of
a few months (Seinfeld and Pandis , 2006). The amount of NOx is low in the tropo-
sphere because it is very reactive (Logan, 1983). This makes NOx a rate-determining
tracer in the above processes (Lelieveld and Crutzen, 1994; Crutzen and Lelieveld ,
2001). Using a one-dimensional photochemical model, Pickering et al. (1990) show
that ozone precursors at the earth’s surface can enhance the production of upper
tropospheric ozone fourfold.
It is important to determine the distribution of NOx in the troposphere and
its production and removal mechanisms. The major sources of NOx in the BL in-
clude fossil fuel combustion, biomass burning, and emissions from the soil or oceans,
whereas stratospheric intrusions, lightning, and aircraft emissions contribute the
most to NOx in the free troposphere (Bradshaw et al., 2000; Crutzen and Lelieveld ,
2001). The production of NO from lightning is particularly important because it is
associated with deep convection in thunderstorms. The distribution of tropospheric
NOx, however, remains highly uncertain. For example, NOx emission from lightning
has been estimated to be between 2 and 20 Tg N yr−1, which means it could be
either a small source or a major contributor to tropospheric NOx (DeCaria et al.,
2000; Schumann and Huntrieser , 2007).
Many observational and modeling studies have been devoted to examining the
influence of convective transport by mid-latitude thunderstorms, especially in the
anvil region (e.g., Dickerson et al., 1987; Skamarock et al., 2000; Ridley et al., 2004b).
Large-scale models typically parameterize convective transport. With sufficient res-
olution, mesoscale models can explicitly simulate convection, but they still rely on
parameterizations of microphysical processes, sub-grid-scale transport processes, and
atmospheric radiation. Barth et al. (2007) show that high-resolution mesoscale mod-
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els are able to reproduce observed storm structure and kinematics in specific simula-
tions. Air parcel trajectories can help to understand transport pathways and deter-
mine the origin of selected air masses. Jaegle´ et al. (1997) justify the underestimation
of hydroperoxyl (HO2) in the model by injecting methyl hydroperoxide (CH3OOH)
and formaldehyde (CH2O) and computing their isentropic trajectories. Skamarock
et al. (2000) demonstrate from trajectory analysis that the anvil air in a simulated
multicellular convective system rose up from a layer between 0.5 and 2 km above the
surface.
The main objective of this study is to determine the origins and transport path-
ways of air in the outflow region of a squall line system observed during the Strato-
sphere–Troposphere Analyses of Regional Transport 2008 (START08) field cam-
paign. Trace gas measurements from the aircraft show two distinct outflow layers
ahead of the squall line. It is hypothesized that these outflows are transported from
the BL to the upper troposphere by the squall line. To test this hypothesis, the
squall line system is simulated with a three-dimensional (3-D) convection-permitting
model. The model produces a good simulation of the squall line in terms of the
vertical and horizontal structures of the storm. We use multiple in situ trace gas
measurements from START08 and data from the National Lightning Detection Net-
work (NLDN) to deduce the sources of NO and total reactive nitrogen [NOy = NOx
+ all compounds from the oxidation of NOx] observed in the outflow air.
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2. DATA AND METHODS
2.1 Aircraft Observations
From April to June of 2008, the START08 field campaign used the National
Science Foundation/National Center for Atmospheric Research (NSF/NCAR) Gulf-
stream-V (GV) aircraft to study the chemical and dynamical characteristics of the
mid-latitude upper troposphere and lower stratosphere (UTLS) region (Pan et al.,
2010). Eighteen research flights (RF01–RF18) with a total of 123 flight hours exten-
sively covered central North America and the Gulf of Mexico between ∼25◦–65◦N
and ∼120◦–85◦W. The standard instruments on the aircraft measured state parame-
ters such as position, altitude, ambient air temperature, and humidity. The aircraft
was also equipped with instruments to measure atmospheric trace gases and micro-
physical parameters.
In this study, trace gas observations from Research Flight 8 (RF08), including
O3, CO, NO, NOy, and H2O, are analyzed. Ozone is measured by a dual-beam ul-
traviolet absorption ozone photometer. In general the lowest detection limit of O3
concentration is 1.5×1010 molecules cm−3 (one-sigma) and the maximum uncertainty
at 22 km is 3.6% (Proffitt and McLaughlin, 1983). Carbon monoxide is measured
by a vacuum-ultraviolet resonance fluorescence (VURF) instrument. The precision
of the instrument is ±1.5 ppbv at an ambient mixing ratio of 100 ppbv CO and the
uncertainty is 2.4% (Gerbig et al., 1999). The data collected during this campaign
are consistent with the measurements from the Harvard University Quantum Cas-
cade Laser System (QCLS) (Kosterev et al., 2002). Nitric oxide and total reactive
nitrogen are measured by a 2-channel instrument. Nitric oxide chemiluminescence is
detected when NO reacts with O3 to produce excited nitrogen dioxide (NO2) (Ridley
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et al., 2004b). Total reactive nitrogen is detected as a result of the reduction of NOy
with CO. The precision of 1-second data is about 5–10 pptv. The uncertainty of the
detector is estimated to be 10%, which improves for large mixing ratios (>50 pptv).
Water vapor is measured by the Vertical Cavity Surface Emitting Laser (VCSEL)
hygrometer (Zondlo et al., 2010). The instrument measures the absolute concentra-
tion of water vapor (molecules cm−3) and is designed for both the troposphere and
lower stratosphere (LS). The accuracy of the hygrometer is 10% and the precision is
better than 1% in most situations. All of the above instruments provide data at 1
Hz.
2.2 Radar Data
Radar data, which are archived at the National Climatic Data Center (NCDC),
are from the Next Generation Weather Radar (NEXRAD) system. This program
collects data from the Weather Surveillance Radar–1988 Doppler (WSR-88D) net-
work (Crum et al., 1993). This study uses Level II reflectivity data from individual
radars. The data span the period from May 5 to May 7 and cover the middle U.S.
(Figure 2.1). There was a transitional period between May and August 2008 in which
the NEXRAD network was upgraded for higher-resolution volume scans. During this
period some data have an azimuth spacing of 0.5◦ and a slant range of 0.25 km, while
other data have an azimuth spacing of 1◦ and a slant range of 1 km. We follow the
method outlined in Homeyer (2014) to combine the individual volume scans into 3-D
gridded radar reflectivity composites. The processed composites have a horizontal
grid spacing of 0.02◦, a vertical grid spacing of 1 km, and a time spacing of 5 minutes.
2.3 Lightning Data
Lightning data are provided by the ground-based U.S. National Lightning Detec-
tion Network (NLDN) which tracks lightning activities across the continental U.S.
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Figure 2.1: Map of the study area. The red curve is the aircraft flight path for
Research Flight 8. Light and dark blue boxes indicate the outer and inner domains
of the WRF model, respectively. The flight direction, and the locations of the two
missed approaches are indicated by arrows and black dots respectively.
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(CONUS) (Orville, 2008). The network consists of more than 114 lightning sensors.
We use data that are reprocessed and archived for non-real-time users. The data
contain date and time, location (in latitude and longitude), peak current (in kA),
and strokes per flash (multiplicity) of each lightning event during the field campaign.
Thunderstorm and flash detection efficiencies of the network are more than 99% and
95%, respectively.
2.4 Satellite Data
Water vapor, infrared and visible images are provided by the NOAA Geosta-
tionary Operational Environmental Satellite (GOES) system. The GOES images
are used along with the radar to follow the evolution of the squall line system and
convective outflow.
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3. MODELS
We use the NCAR Weather Research and Forecasting (WRF) model with the Ad-
vanced Research WRF (ARW, version 3.2.1) dynamical solver to simulate the squall
line observed during RF08. The model is configured with two domains (Figure 2.1)
with two-way interaction between the domains. The horizontal grid spacing of the
inner domain and outer domain are ∼3.0 km × ∼3.7 km and ∼9.1 km × ∼11.0 km
respectively. The model has 45 vertical layers at full (mass) levels in η-coordinates
from the ground to 50 hPa. The vertical spacing increases with altitude, ranging from
200 m in LT to 510 m in UT. Output is interpolated into other vertical coordinates
when necessary. The model time step is 270 seconds (4.5 minutes).
The simulation is initialized with the National Centers for Environmental Pre-
diction (NCEP) Eta/NAM 212 grid (40 km) 3-hour model analysis and run for a
period of 42 hours from 12:00 UTC May 5, 2008 to 06:00 UTC May 7, 2008. The
primary period of interest for this study is 00:00 UTC to 18:00 UTC May 6, which
occurs 12 to 30 hours after the beginning of the simulation. To minimize time sam-
pling errors in the trajectory calculations, model variables are archived at every time
step (Bowman et al., 2013).
Boundary conditions for the model outer domain come from the NCEP Eta/NAM
212 analysis and NOAA real time global (RTG) sea surface temperature data. Model
variables in the outer domain are nudged to the Eta/NAM analysis throughout the
simulation, while variables in the inner domain are only nudged for the first 6 hours.
There is no nudging of temperature and moisture in the BL. Vertical velocity damping
is applied to the uppermost 6 km in both domains for robustness. This damping
reduces the reflection of gravity waves from the upper boundary. A set of physical
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parameterization schemes is used to represent the sub-grid-scale processes in the
model (Table 3.1). We use NCAR Command Language (NCL) utilities to compute
the simulated radar reflectivity of the model for comparison with observations.
Because this study is concerned with convective transport, we trace transport
pathways for selected air parcels using the TRAJ3D trajectory model (Bowman,
1993; Bowman and Carrie, 2002). Backward trajectories are computed oﬄine using
the simulated WRF wind fields saved at every time step. Given the source regions
of the parcels from the back trajectories and the concentrations of trace gases from
a profile measured by the GV as it descended from the lower stratosphere to the BL
ahead of the squall line, we estimate the concentration of CO and NOy in the outflow
layers according to
C = fLS · CLS + fUT · CUT + fMT · CMT + fLT · CLT + fBL · CBL. (3.1)
where f is fraction of parcels from each source region and C is concentration of a
given species within those source regions. Source regions are designated as lower
stratosphere (LS), upper troposphere (UT ), middle troposphere (MT ), lower tropo-
sphere (LT ), and boundary layer (BL).
The NCEP Global Forecast System (GFS) model analysis is used to calculate the
tropopause height. The model has 47 vertical layers in hybrid σ-pressure coordinate.
The vertical grid spacing of the model output is 25 hPa between 100 and 1000 hPa,
and gets smaller above 100 hPa. The horizontal grid spacing is 0.3125◦ × 0.3125◦
(∼35 km). The GFS analyses are available four times daily (0000, 0600, 1200, and
1800 UTC) (Homeyer et al., 2010). The GFS tropopause is calculated by using the
World Meteorological Organization (WMO) algorithm, which defines the tropopause
to be the lowest altitude at which the average lapse rate decreases to 2◦C km−1 on
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Table 3.1: Physical parameterizations of the WRF model runs. The cumulus param-
eterization is only applied to the outer domain.
Type of parameterization Schemes
Microphysics Goddard six-species, single moment microphysics
scheme (Tao et al., 1989)
Cumulus Betts-Miller-Janjic (BMJ) scheme (Janjic´, 1994)
Planetary boundary layer Yonsei University (YSU) scheme (Hong et al., 2006)
Land surface Noah land-surface model (Ek et al., 2003)
Surface layer Eta surface layer scheme (Janjic´, 1996)
Longwave radiation Rapid Radiative Transfer Model (RRTM)
(Mlawer et al., 1997)
Shortwave radiation Goddard shortwave scheme (Chou and Suarez , 1994)
the condition that the average lapse rate from this height to any level within the next
higher 2 km does not exceed 2◦C km−1 (World Meteorological Organization, 1957).
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4. RESULTS
4.1 START08 Research Flight 8
Research Flight 8 (RF08) took place on May 6, 2008 from 14:55 UTC until 21:32
UTC (Figure 2.1). The aircraft took off from Colorado and flew out over the Gulf
of Mexico before returning to Colorado. The aircraft descended from the LS and
executed a missed approach at Ponca City, OK. It then ascended once more into
the LS, flew above a weakening squall line located in north Texas and Oklahoma,
and then descended to execute a second missed approach at Alexandria, LA. The
two missed approaches are indicated by black dots (Figure 2.1). The descent to the
second missed approach provided a profile of the outflow from the squall line and
the environment into which the squall line was propagating.
Several quantities observed by the aircraft during the squall line overflight and de-
scent are plotted as a function of time (Figure 4.1). Figure 4.1a shows the tropopause
height at the aircraft location from the GFS analysis (gray + colors) and the aircraft
altitude (black + colors). The colors indicate possible layers identified subjectively
based on the trace species shown in Figures 4.1b and c. Two potential convective
outflow layers just below the tropopause are colored red and green, respectively. The
remaining colors indicate the upper troposphere (UT, yellow), middle troposphere
(MT, purple), lower troposphere (LT, orange), and boundary layer (BL, blue). Note
that the yellow layer represents the unperturbed and background upper troposphere
air compared to the red and green layers.
The O3 (black + colors) and CO (gray + colors) data show the descent from just
above the tropopause into the troposphere near 16:59 UTC (Figure 4.1b). There is a
transitional mixing region approximately 150 m thick between the stratosphere and
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troposphere (12.786 to 12.632 km altitude or 181.1 to 188.9 hPa) within which O3
and CO rapidly change from stratospheric to tropospheric values. The relationship
between O3 and CO is quite linear within the mixing layer.
The NO and NOy data in particular suggest the presence of two distinct outflow
layers in the UT. These are colored red and green (Figure 4.1c). The concentrations
in these two layers are very different from the observations in the MT and LT, but
are of the same order as in the BL, which is sampled near 17:20 UTC. The upper
layer includes the shallow stratosphere-troposphere transition layer and extends from
12.786 km to 11.739 km (∼1.0 km from 184 to 218 hPa); the lower layer is deeper
and extends from 11.739 to 7.542 km (∼4.2 km from 218 to 400 hPa). For simplicity,
in what follows we refer to these as the red and green layers, respectively.
4.2 Evolution of the Squall Line
The evolution of the squall line system observed during RF08 can be seen in
NEXRAD data (left) and the WRF simulation (right) (Figure 4.2). The convective
system of interest is identified by arrows in each panel. The squall line starts as
isolated convective cells on May 5 (Figure 4.2a). WRF produces similar isolated
convection through the evening (Figure 4.2b). The isolated storm cells move eastward
and begin to merge around 23:00 UTC. An organized squall line forms by 08:00 UTC
May 6, 2008.
A leading-convective/trailing-stratiform squall line can be recognized with a north-
east–southwest orientation and column-maximum radar reflectivity at the leading
edge exceeding 50 dBZ at 10:20 UTC May 6, 2008 (Figure 4.2c). The simulated
squall line has a similar intensity and orientation but propagates slightly faster than
its observed counterpart (Figure 4.2d). To improve the match between observations
and simulation, the simulation is shifted 7 time steps (31.5 minutes) backward rel-
12
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Figure 4.1: a) Tropopause height (gray + colors) and aircraft altitude (black +
colors); b) ozone (black + colors) and carbon monoxide (gray + colors); c) NO
(black + colors) and NOy (gray + colors). Various subjectively identified layers
are color-coded in all three panels: upper outflow layer (red), lower outflow layer
(green), upper troposphere (yellow), middle troposphere (purple), lower troposphere
(orange), and boundary layer (blue). The horizontal lines in panels b and c are the
representative values for each layer used to predict values in the red and green layers
in combination with the back trajectories. The values are tabulated in Table 4.1.
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ative to the observations. That is, we compare observations for a given time with
the simulation from 31.5 minutes earlier. There is an irregular mesoscale convective
system moving eastward from north Mexico to south Texas.
At 14:35 UTC, the simulated squall line is somewhat stronger than the obser-
vations (Figures 4.2e and f). The aircraft flew just above the top of the outflow
cirrus near 17:00 UTC on May 6 and then descended to make a missed approach in
Louisiana near 17:21 UTC (Figure 4.2g). At the time of the overflight and descent,
the simulated squall line is still somewhat stronger than the observations, but the
structure is similar (Figure 4.2h). After adjusting for the slightly faster propagation
speed of the squall line in the simulation, we find the horizontal structure and loca-
tion of the squall line in the WRF simulation to be consistent with the NEXRAD
data.
Figure 4.3 shows vertical sections of the simulated and observed radar reflectivity
several hours before and at the time of the aircraft overflight along the lines labeled
A–B in Figures 4.2e and f. In Figures 4.3c and d, the location of the aircraft at the
respective time is indicated by a plus sign. At the earlier times (Figures 4.3a and b),
the detectable echo tops reach near 11 km attitude, which is the boundary between
the green and red layers. As the storm weakens the depth of the convection decreases,
but the simulated storm weakens more slowly and remains somewhat deeper and
broader than the observations. Although the aircraft overflew the southern end of
the squall line only, the simulated storm is stronger than the observations in other
parts of squall line as well by translating the line A–B northward (not shown). The
vertical sections suggest that the air in the green and red layers was transported to
the upper troposphere several hours before it was observed by the aircraft. This is
confirmed by the trajectory studies in the next section.
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Figure 4.2: Maps showing the evolution of the squall line in NEXRAD and WRF
(arrows). The time in the WRF simulation is shifted back by seven time steps (31.5
minutes).
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Figure 4.3: Vertical structure of the observed (a and c) and simulated (b and d)
radar reflectivity along lines labeled A–B in Figures 4.2 e–h respectively. The plus
sign indicates the location of the aircraft. Colors along the flight track indicate the
layers as shown in Figure 4.1. The time in WRF simulation is shifted back by seven
time steps (31.5 minutes).
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4.3 Trajectory Analysis
In order to determine the sources of air in the green and red outflow layers, back
trajectories are computed for a grid of particles initialized in the volume surrounding
the three-dimensional aircraft flight path.
4.3.1 Lower Outflow Layer
For the green layer the initial volume of particles lies between 93.9◦ and 94.5◦W,
31.7◦ and 32.0◦N, and η = 0.3650 and 0.18. With a grid spacing of 0.1◦ × 0.1◦ ×
0.0025 η (approximately 9.5 km × 11 km × 64 m in this part of UT), the volume
for the green layer includes 7 × 4 × 75 = 2100 particles.
Analysis of the back trajectories of the air in the green layer reveals that parcels
arrive through three different pathways: 40% is convected to the UT by the squall
line that the aircraft overflew immediately before descending through the outflow
layer; 8% is convected by a separate MCS located in north Mexico; and 52% is
environmental air from the UT and MT.
Figure 4.4 shows a representative trajectory for a parcel convected by the squall
line. For clarity, only a single trajectory is plotted. Other trajectories in this group
are tightly bunched around this trajectory. Note that while the plotted trajectory
shows many hours of motion by the parcel, the simulated radar map is for a single
time, in this case for 14:15 UTC May 6, which is during the interval when the parcels
ascend rapidly in the updraft. The portion of the trajectory within ±45 minutes of
the radar time is indicated by black dots plotted along the trajectory. The parcels
in this group come from the LT and MT in south Texas and from the BL and LT
in north Mexico. After moving generally northward at low levels and northeastward
at middle level, they ascend to the UT in the updrafts near the southwestern end of
the squall line. This occurs approximately 2.75 hours before they reach the volume
17
sampled by the aircraft near 17:00 UTC.
The second convective system responsible for transporting air to the green layer
(8%) is an irregular MCS in north Mexico. This system is seen in Figure 4.2 in both
the NEXRAD data and the WRF simulation. This MCS moves from north Mexico
to south Texas and dies out around 18 UTC May 6. Figure 4.5 shows a representative
example from those trajectories. In this case the radar map is for 00:00 UTC May 6,
which is during the interval when the parcels ascended rapidly in the updraft. The
parcels in this group come from north Mexico and are initially located at levels from
the BL to the MT. After ascending to the UT in the updrafts of the southern MCS,
they move generally northeastward. This occurs approximately 17 hours before the
volume is sampled by the aircraft, which is 14 hours before the convective transport
by the squall line. There is no indication of lightning occurring in this MCS at this
time.
The distributions of sources and transport pathways for parcels in the green layer
are given in Figure 4.6 as a function of altitude. Parcels that are transported from
the squall line (SQ, magenta), southern MCS (MCS, cyan) and other (light gray)
show that the two MCSs account for convecting more than 50% of parcels above
η = 0.29 (Figure 4.6a). The parcels can also be classified by their source regions. In
Figure 4.6b, parcels that come from the UT, MT, LT, and BL are colored in yellow,
purple, orange, and blue respectively. At all levels the sources are dominated by air
from the middle and lower troposphere.
Using Equation (3.1) and the parcel source region fractions from Figure 4.6b, we
estimate the concentrations of CO and NOy as a function of altitude assuming that
both CO and NOy are conserved. The assumed values for the initial concentrations
in the source regions are plotted as horizontal lines on the aircraft time series in
Figures 4.1b and c and are given in Table 4.1. The predicted values for each of the
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Table 4.1: Layer averaged concentrations of CO and NOy in the source regions used
with the trajectories to predict the measured values.
Source region CO NOy
(ppbv) (pptv)
Lower stratosphere (LS) 60 700
Upper troposphere (UT) 80 120
Middle troposphere (MT) 100 200
Lower troposphere (LT) 140 220
Boundary layer (BL) 210 2500
5 layers in Figure 4.6b are plotted with crosses and dashed lines in Figure 4.6c.
The estimated and observed CO concentrations generally agree quite well and
are nearly constant in the vertical. The estimated NOy concentration agrees well at
upper and lower levels, but fails to reproduce the broad peak in NOy in the middle
of the green layer around η = 0.255. This sub-layer also shows up distinctly in a
scatterplot of NOy and CO values measured between 16:45 and 17:30 UTC May
6 (Figure 4.7). It is unlikely that the peak in NOy is due to transport from the
boundary layer, because CO remains constant in this layer. If the air came from
the BL, then CO should increase along with NOy. We note instead that at the time
the parcels ascend in the updrafts, lightning occurs in the squall line, indicated by
gray crosses in Figure 4.4. An expanded map of the region (Figure 4.8) near the
updrafts in Figure 4.4 shows all of the trajectories between η = 0.23 and 0.28 along
with observed lightning occurring while the parcels are in the updrafts (13:30 UTC
to 15:00 UTC). There is no lightning activity associated with the convection in the
southern MCS case.
4.3.2 Upper Outflow Layer
For the red layer the initial volume of particles lies between 94.6◦ and 94.9◦W,
31.9◦ and 32.2◦N, and η = 0.1775 and 0.14. With a grid spacing of 0.1◦ × 0.1◦ ×
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Squall line
updraft
MCS
Lightning
Figure 4.4: A typical 24-hour back trajectory for air parcels convected by the squall
line. The 3-D trajectory is shown in black; longitude-latitude and longitude-altitude
projections of the trajectory are plotted in magenta. Near the time of the simulated
radar map (14:15 UTC May 6, 2008) the parcels ascend rapidly in updrafts within
the squall line. This interval is indicated by black dots plotted on the trajectories.
Observed lightning flashes occurring near this time are indicated by gray crosses
superimposed on the radar map. The position of the MCS at this time is also
indicated.
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Squall line
Lightning
MCS
updraft
Figure 4.5: A typical 24-hour back trajectory for air parcels convected by the south-
ern MCS. The 3-D trajectory is shown in black; longitude-latitude and longitude-
altitude projections of the trajectory are plotted in magenta. Near the time of the
simulated radar map (00:00 UTC May 6, 2008) the parcels ascend rapidly in updrafts
within the MCS. This interval is indicated by black dots plotted on the trajectories.
Observed lightning flashes occurring near this time are indicated by gray crosses
superimposed on the radar map. The position of the squall line at this time is also
indicated.
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Figure 4.6: Lower (green) outflow layer as a function of altitude. a) Fraction of
parcels by transport pathway: squall line (magenta), southern MCS (cyan), and other
(light gray). b) Fraction of parcels by source region: upper troposphere (yellow),
middle troposphere (purple), lower troposphere (orange), and boundary layer (blue).
c) Concentration of CO and NOy: observed (black) and estimated (black crosses and
dashed line) CO, and observed (gray) and estimated (gray crosses and dashed line)
NOy.
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Figure 4.7: Tracer-tracer plot for NOy against CO between 16:45 UTC and 17:30
UTC May 6: upper outflow layer (red), lower outflow layer (green), upper tro-
posphere (yellow), middle troposphere (purple), lower troposphere (orange), and
boundary layer (blue).
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Figure 4.8: Expanded map of parcel trajectories that are convected by the squall line
in the lower outflow layer. The trajectories are selected with those end up reaching
between η = 0.23 and 0.27 in the lower outflow layer. The black segments of the
parcel tracks indicate the convective updrafts. The blue crosses are the locations of
lightning flashes occurring at this time (13:30 UTC to 15:00 UTC).
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0.0025 η (approximately 9.5 km × 11 km × 72 m in this part of UT), the volume
for the red layer includes 4 × 4 × 16 = 256 particles.
Analysis of the back trajectories of the air in the red layer reveals that parcels
arrive through two different pathways: 23% is convected to the UT by the MCS
located in south Texas that also contributed to the green layer, and 77% is environ-
mental air from the LS and UT. Figure 4.9 shows a representative trajectory for a
parcel convected by the MCS. The simulated radar map is for 10:21 UTC May 6.
The portion of the trajectory within ±45 minutes of the radar time is indicated by
black dots plotted along the trajectory. The parcels in this group come from south
Texas and are initially located at levels from the BL to the MT. After ascending to
the UT in the updrafts of the MCS, they move generally northeastward. This occurs
approximately 6.5 hours before the volume is sampled by the aircraft. Although
the MCS responsible for this air is the same as that in Figure 6, the elapsed time
between the ascent in convection and the measurement by the aircraft is shorter due
to vertical shear in the background flow.
The distributions of sources and transport pathways for parcels in the red layer are
given in Figure 4.10 as a function of altitude. Parcels transported by the MCS (cyan)
account more than 50% of the parcels between η = 0.16 and 0.17 (Figure 4.10a). In
Figure 4.10b, parcels that come from the UT, MT, LT, and BL are colored using
the same color scheme as in Figure 4.6 while those come from the lower stratosphere
(LS) are colored in dark gray. Except at the very top of the profile, where most of the
parcels are from the lower stratosphere, most parcels come from the UT or the MCS.
Predicted concentrations of CO and NOy as a function of altitude in the red layer are
plotted in Figure 4.10c along with the observations. The predicted CO concentrations
are somewhat low throughout the layer, particularly between η = 0.145 and 0.155.
Predicted NOy values are much lower than observations throughout the layer and do
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not capture the minimum in NOy near η = 0.155.
The parcel trajectories indicate that air in the upper part of the red layer is
entirely from the lower stratosphere and upper troposphere, but CO is near 140
ppbv and NOy is over 1500 pptv in the observations. At lower levels, where a
substantial fraction of the air parcels come from the MT, LT, and BL, CO is low by
15 to 30%, but NOy is low by a factor of 6. Figure 4.11 shows vertical sections of the
simulated and observed radar reflectivity of the MCS at the time of the convective
transport (Figure 4.9) along the lines labeled C–D in Figures 4.2 c and d. Although
the simulated MCS appears somewhat larger and more intense in the Figures 4.2 c
and d, the observed echo tops reach 15 km whereas those in model reach only to 12
km, which is the boundary between the red and green layers. These results together
suggest that the convective transport to the red layer as a whole is underestimated
by the model, and that model convection does not extend quite high enough (up
to η = 0.155 in Figure 4.10b), leading to the greater under-prediction of CO and
NOy in the upper part of the layer. This is different from the green layer, where the
observed and simulated storms have similar intensities and echo top heights and the
concentrations are well predicted by the trajectories and simple mixing model. It
might also be the case that we underestimate the CO concentrations in the middle
and lower tropospheric source regions. The large NOy discrepancy, however, seems to
be due to other sources, such as lightning. Lightning is observed to occur during the
time period these parcels ascend in the updrafts of the southern MCS. An expanded
map of the region (Figure 4.12) near the updrafts in Figure 4.9. The combination of
the lack of a lightning source and of insufficient convective transport to the top of
the red layer explain the poor prediction of NOy.
Thus, the echo top height might be one of the most important criteria for a
successful storm and chemical transport simulation.
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MCS updraft
Squall line
Lightning
Figure 4.9: A typical 24-hour back trajectory for air parcels convected by the south-
ern MCS. The 3-D trajectory is shown in black; longitude-latitude and longitude-
altitude projections of the trajectory are plotted in magenta. Near the time of the
simulated radar map (10:21 UTC May 6, 2008) the parcels ascend rapidly in updrafts
within the MCS. This interval is indicated by black dots plotted on the trajectories.
Observed lightning flashes occurring near this time are indicated by gray crosses
superimposed on the radar map. The position of the squall line at this time is also
indicated.
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Figure 4.10: Upper (red) outflow layer as a function of altitude. a) Fraction of parcels
by transport pathway: southern MCS (cyan), and other (light gray). b) Fraction of
parcels by source region: lower stratosphere (dark gray), upper troposphere (yellow),
middle troposphere (purple), lower troposphere (orange), and boundary layer (blue).
c) Concentration of CO and NOy: observed (black) and estimated (black crosses and
dashed line) CO, and observed (gray) and estimated (gray crosses and dashed line)
NOy.
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Figure 4.11: Vertical structure of the observed (a) and simulated (b) radar reflectivity
along lines labeled C–D in Figures 4.2 c and d respectively. The time in WRF
simulation is shifted back by seven time steps (31.5 minutes).
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Figure 4.12: Expanded map of parcel trajectories that are convected by the southern
MCS in the upper outflow layer. The trajectories are selected with those end up
reaching between η = 0.155 and 0.175 in the upper outflow layer. The black seg-
ments of the parcel tracks indicate the convective updrafts. The blue crosses are the
locations of lightning flashes occurring at this time (09:36 UTC to 11:06 UTC).
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5. CONCLUSIONS
This study attempts to determine the origin and transport pathways of air in
the upper-tropospheric outflow from a squall line observed in north Texas during
the START08 field program. The outflow air, which is located immediately below
the tropopause, is characterized by two distinct layers with high values of CO and
NO/NOy. Air parcel trajectories for the observed outflow layers are computed using
three-dimensional wind fields from a high-resolution simulation with the Weather
Research and Forecasting (WRF) model. The model is initialized more than a day
prior to the time the aircraft observations were made and integrated forward using
initial and boundary conditions taken from operational analyses. The model repro-
duces the initiation, growth, and decay phases of the observed convective systems
with good fidelity. The primary differences between the model and observations are
that the simulated squall line propagates eastward slightly faster and weakens more
slowly during the later stages than is observed.
Back trajectories computed with the WRF wind fields show that the air in the
outflow layers is a mixture of air parcels with sources ranging from the boundary
layer to the upper troposphere. The trajectories also show that significant contri-
butions to the outflow air did not come from the nearby squall line, but instead
were transported a substantial distance northward and eastward from the outflow
of a mesoscale convective system located in north Mexico and south Texas. In the
lower (green) outflow layer 52% of the air parcels are environmental air from the
middle and upper troposphere, while 40% and 8% of the parcels respectively are
transported vertically by convection within the squall line and MCS. The observed
concentrations of CO and NOy in the lower outflow layer are predicted as a function
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of altitude using a simple model based on the observed aircraft profiles of CO and
NOy and the contributions from different source altitudes estimated from the back
trajectories. The model, which assumes that CO and NOy are conserved during
transport, captures the vertical profile of CO throughout the lower outflow layer
and of NOy at the bottom and top of the layer, but it fails to reproduce a localized
layer of enhanced NOy. Data from the NLDN show that lightning was occurring at
the time air parcels were transported vertically within the squall line to the lower
outflow layer. Based on this we conclude that roughly half of the NOy in the lower
outflow layer was transported from the boundary layer and lower troposphere, while
the other half was produced by lightning with the convective updrafts that fed the
outflow.
In the upper outflow layer, 23% of the particles are transported by the MCS
and the remaining 77% are environmental air from the LS and UT. Although the
upper outflow layer is immediately downwind of the squall line system, the convective
transport to the this layer did not occur within the squall line, but instead happened
in the updrafts of an MCS in south Texas. This air was then transported northward
to the upper outflow layer by the environmental flow. In the upper outflow layer
the model underestimates CO by about 15 to 30% and NOy by as much as a factor
of 6. The discrepancies in the upper outflow layer appear to be largely due to an
underestimate of the vertical transport to the very top of the troposphere by the
MCS and to the lack of a lightning source for NOy.
These results demonstrate that accurate, high-resolution, three-dimensional sim-
ulations of complex convective events are possible; and that given an accurate sim-
ulation of the meteorological environment, it is possible to interpret high-resolution
observations of important trace gases in terms of transport pathways and sources,
such as lightning. While the meteorological simulation in this case is generally quite
32
good, the simulated MCS in south Texas fails to produce sufficient convective trans-
port to the very top of the troposphere, leading to an underestimate of CO and NOy
in the upper outflow layer.
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